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{54y Polarisation based mode-locking of a laser 

(57) The present invention is a system and method 
for mode-locking a laser, comprising reversibly convert- 
ing radiation in the laser at a fundamental frequency into 
radiation at a second harmonic frequency, discriminat- 
ing the radiation at the fundamental frequency using a 



polarization of the radiation at the fundamental fre- 
quency, and reconverting the radiation at the second 
harmonic frequency into radiation at the fundamental 
frequency. 
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Description 

Raid of the Invention 

[0001] . The invention relates to a method and appara- 
tus for mode-locking lasers and in particular to the use 
of nonlinear optical elements to mode-lock lasers. 

Description of the Related Art 

[0002] Various lasers have been mode-locked in a 
number of ways in the past One technique that has 
been used to mode-lock solid state lasers such as Neo- 
dymlum doped Yttrium Aluminum Garnet (Nd:YAG) 
lasers is disclosed in U.S. Patent No. 4.914.658 entitled 
"Mode-Locked Laser* by KA. Stankov. The patent 
describes how a nonlinear optical crystal-mirror combi- 
nation can be arranged to act like & minor whose reflec- 
tivity at the fundamental frequency increases with 
intensity. The nonlinear optical crystal, a second har- 
monic generation crystal, is followed by a mirror that has 
a low reflectivity (R^) at the fundamental frequency and 
a high reflectivity (R2) at the second harmonic fre- 
quency. The optical distance between the crystal and 
the end mirror is adjusted using either a glass plate or 
by simply adjusting the path length In air to create a half 
wave phase shift between the fundamental and second 
harmonic. This phase shift, as was shown in J. M. Yar- 
borough, J. FalK C. B. Hitz. Applied Phys. Lett Vol. 18. 
p. 70(1 970), causes a reverse in the direction of energy 
transfer on the second pass through the crystal, and the 
second harmonic is converted back to the fundamental. 
Thus, as the intensity at the fundamental frequency 
increases, starting at zero, the conversion efficiency to 
the second harmonic frequency increases from zero to 
near 100%, which causes the reflectivity of the crystal 
minor combination to increase from R^ to a value near 

R2- 

[0003] "A New Mode Locking Technique Using A Non- 
linear Mirror." by K. A. Stankov and J. Jethwa, Optics 
Communications, vol. 66, No. 1. pp. 41-46. and "A 
Novel Nonlinear Optical Device for Passive Mode Lock- 
ing", by K. A. Stankov, Conference on Lasers and Elec- 
tro Optics (Apr. 1988) each recognize that a mirror 
whose reflectivity increases with intensity can be used 
to provide passive mode-locking. Essentially. Stankov 
mode-locks a laser by using intra-cavity second har- 
monic generation in combination with a dichroic mirror 
to generate an effective cavity minor, the reflectity of 
which is an increasing function of the intensity at the 
fundamental frequency. 

[0004] The reflectivity Ri of the mirror at the funda- 
mental frequency affects both the output power from the 
laser as well as the pulsewidth of the output pulse. In 
general, there is an optimum value for R^ which maxi- 
mizes the output power of the laser. However, the 
pulsewidth of the output pulse will continually shorten 
as R^ is decreased. Thus, there is a trad -off between 
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decreased output power ant^lffter output pulses for 
smaller values of R^ A series of minors that have differ- 
ent values for R^ while maintaining a high value of 
reflectivity at the second harmonic (e.g., R2=99.9%) are 

5 needed. Each time it is desired to change the output 
power or output pulsewidth of the laser, the mirror must 
be exchanged and the laser realigned. This can be a 
time consuming process which may require a the help 
of a laser technician. What is needed is a mode-locked 

10 laser in which the output power and pulsewidth can be 
varied during operation of tiie laser witiiout requiring 
substantial realignment. 

Summary of the Invention 

15 

[0005] One of the embodiments of the invention is a 
method for mode-locking a laser, the method compris- 
ing reversibly converting radiation in the laser at a fun- 
damental frequency into radiation at a second harmonic 

20 frequency, discriminating the radiation at the fundamen- 
tal frequency using a polarization of the radiation at the 
fundamental frequency, and reconverting the radiation 
at the second harmonic frequency into radiation at the 
fundamental frequency. 

25 [0006] According to one aspect of the invention mode- 
locking the laser includes introducing an additional 
phase shift in the radiation at the fundamental fre- 
quency relative to the radiation at tiie second harmonic 
frequency. In other aspects of the invention introducing 

30 the phase shift includes using a temperature dependent 
phase shift in a crystal, propagating tiie fundamental 
frequency radiation through a crystal at a predeter- 
mined orientation, or using a tilted piece of glass. In 
another aspect of the invention the laser includes Nee- 
ds dymium doped Vanadate (Nd:Vanadate). In another 
aspect of this embodiment discriminating includes rotat- 
ing tfie polarization of ttie fundamental frequency radia- 
tion. In yet another aspect of the invention rotating 
includes using a waveplate. 

40 [0007] A first embodiment of the invention is a mode- 
locked laser comprising a first mirror and a second mir- 
ror, spaced apart from each other, each of the mirrors 
having predetermined reflection characteristics, the first 
and second mirrors defining an optical resonator. An 

45 active laser medium, adapted to emit laser radiation at a 
fundamental laser frequency upon stimulation of tiie 
laser medium, is positioned between said first and sec- 
ond mirrors. A non-linear optical medium is positioned 
between tiie active laser medium and tiie second mirror 

50 for reversibly converting the fundamental frequency 
radiation into radiation of a second harmonic frequency, 
witii the ratio of tiie intensity of tiie radiation at tiie sec- 
ond harmonic frequency relative to the intensity of radi- 
ation at the fundamental frequency increasing witii 

55 increasing intensity of tiie fundamental frequency radia- 
tion. A polarization rotation device is positioned 
between the non-linear optical medium and tiie second 
mirror, and a polcu'ization sel ction device is positioned 
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between the first mirror and the secoriQWin'ror. 
[0008] One aspect of this embodiment the polarization 
rotation device comprises a one quarter waveplate at 
the fundamental frequency and a one half waveplate at 
the second hanmonic frequency. In another aspect of s 
this embodiment the active laser medium includes 
Nd:Vanadate, In yet another aspect of this embodiment 
the reflectivity of the second mirror at the second har- 
monic frequency is not greater than its reflectivity at the 
fundamental frequency 10 
[0009] Another embodiment of the invention is a 
mode-locked laser comprising a first mirror and a sec- 
ond mirror, spaced from each other, each of the minrors 
having predetermined reflection characteristics, the first 
and second minors defining an optical resonator. An is 
active laser medium, adapted to emit laser radiation at a 
fundamental frequency upon stimulation of the laser 
medium, is positioned between said first and second 
minrors. A non-linear optical medium is positioned 
between the active laser medium and the second mirror 20 
for reversibly converting the fundamental frequency 
radiation into radiation of a second harmonic frequency, 
with the ratio of the intensity of radiation at the second 
harmonic frequency relative to the intensity of radiation 
at the fundamental frequency increasing with increasing 25 
Intensity of the fundamental frequency radiation. A 
polarization selection device is positioned between the 
non-linear optical medium and the second mirror. 
[0010] Yet another embodiment of the invention is a 
mode-locked laser comprising a first mirror and a sec- 30 
ond min-or, spaced from each other, each of the min-ors 
having predetermined reflection characteristics, the first 
and second mirrors defining an optical resonator. An 
active laser medium, adapted to emit laser radiation at 
the fundamental laser frequency upon stimulation of the 35 
laser medium, Is positioned between the first mirror and 
the second mirror. A non-linear optical medium is posi- 
tioned between the active laser medium and the second 
mirror for reversibly converting the fundamental fre- 
quency radiation into radiation of a second harmonic 40 
frequency, with the ratio of ttie intensity of radiation at 
the second harmonic frequency relative to the intensity 
of radiation at the fundamental frequency increasing 
with increasing intensity of the fundamental frequency 
radiation. A wavelength selection device is positioned 45 
between tiie non-linear medium and the second mirror. 
[001 1 ] In one aspect of this embodiment of the inven- 
tion the wavelength selection device comprises a beam 
splitter and a mirror, and tiie reflectivity of the beam 
splitter at the fundamental frequency is greater than its so 
reflectivity at the second harmonic frequency In another 
aspect of the invention the reflectivity of the second mir- 
ror at the second harmonic frequency is not greater 
than its reflectivity a the fundamental frequency 

55 
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Rgure 1 is a schematic drawing showing one 
embodiment of the present invention using a wave- 
plate and a thin film polarizer. 
Rgure 2 is a schematic drawing showing another 
embodiment of the present invention using a thin 
film polarizer. 

Rgure 3 is a schematic drawing showing yet 
another embodiment of the present invention using 
a wavelength selection device. 

Detailed Description 

[0013] Rgure 1 depicts one embodiment of a mode- 
locked laser 100 in accord witii the invention. In ttiis 
ennbocGment, first mirror 102 is a high reflector at the 
fundamental laser frequency f1, second mirror 104 has 
a reflectivity at the second harmonic laser frequency f2 
which is not greater than its reflectivity at the fundamen- 
tal harmonic frequency f1 where the fundamental fre- 
quency is one half of the second harmonic frequency. In 
another embodiment of the invention, mirror 104 is a 
high reflector for both the fundamental frequency radia- 
tion and ti\e second harmonic frequency radiation. Rrst 
and second minrors 102 and 104 define an optical reso- 
nator. The mirror curvature and spacing are chosen 
based on well known laser cavity design criterion. See 
for example the book Lasers by A.E. Siegman which is 
published by University Science Books, and is hereby 
incorporated by reference. 

[001 4] Active laser medium 1 06 is positioned between 
first min-or 102 and second min-or 104. In this embodi- 
ment, active laser, medium 106 is diode pumped 
Nd:Vanadate. which emits fundamental wavelength of 
1064 mm. Active laser medium 106 can be any laser 
gain medium including but not limited to Nd:YAG, 
Nd:YLF. Nd: Glass. Ti:sapphire. Cr:YAG, CrrForsterite, 
Yb:YAG, and Yb:glass. The choice of gain medium is 
typically based on criteria including but not limited to 
laser wavelength, and desired output pulsewidth which 
is related to the gain bandwidtii. 
[0015] Nonlinear optical medium 108 is positioned 
between active laser medium 106 and second min-or 
104. In this enlbodiment nonlinear optical medium 108 
is made of noncriticaily phase matched lithium triborate 
(LBO). In other embodiments, nonlinear optical medium 
108 is other than non-critically phase matched. Radia- 
tion at the fundamental frequency is input into the lith- 
ium triborate crystal and is converted Into second 
harmonic radiation The conversion of the radiation from 
tfie fundamental frequency into the second harmonic 
frequency increases with increasing intensity of the fun- 
damental frequency. In other embodiments of the inven- 
tion, different nonlinear optical mediums can be used, 
including but not limited to Potassium Dihydrogen Phos- 
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phate (KDP), Potassium Titany! PhosfPBe (KTP), 
Beta-Barium Borate (BBO), Periodically Poled Lithium 
Niobate (PPLN), and Potassium Niobate (KNbOa). The 
nonlinear crystal selected for use in the invention will 
depend on criteria including but not limited to the mate- 5 
rial used in the active laser medium, the power handling 
characteristics of the material, the conversion efficiency, 
and the group velocity mismatch and group velocity dis- 
persion which may be important in the generation of 
short pulses. w 
[0016] Polarization rotation device 11 0 is placed in the 
laser cavity between nonlinear optical medium 108 and 
second mirror 104. Polarization rotation device can be 
but is not limited to a one-quarter wave plate at the fun- 
damental frequency and a one half waveplate at the is 
second harmonic frequency or a one-qucirter waveplate 
at the fundamental and a full wave at the second har- 
monic frequency. Furthermore, any of the wave plates 
used in the invention can have an additional integral 
number of full waves of retardation added to them. 20 
Polarization selection device 112 is placed between 
active laser medium 106 and nonlinear optical medium 
108. Polarization selection device 112 is a thin film 
polarizer in this embodiment, but it can be any device 
which will selectively pass radiation at a first polarization 2S 
with respect to radiation at a second polarization. Other 
suitable polarization selection devices include but are 
not limited to a polarizer cube, and an angled piece of 
glass. 

[001 7] In mode-locked laser 1 00 depicted in figure 1 . 30 
when active laser medium 106 is pumped above thresh- 
old, mode-locked laser 100 will begin to oscillate. Fun- 
damental frequency radiation f 1 at a first polarization is 
emitted from active laser medium 106 and passes 
through polarization selection device 112. The funda- 35 
mental frequency radiation then enters nonlinear optical 
medium 108. In nonlinear optical medium 108 some of 
the fundamental frequency radiation is converted into 
radiation at the second harmonic frequency f2. The ratio 
of the intensity of radiation at the second harmonic fre- 40 
quency relative to the intensity of radiation at the funda- 
mental frequency increases with increasing intensity of 
the fundamental frequency radiation. The radiation at 
frequencies f1 and f2 exit nonlinear optical medium 108 
and enter polarization rotation device 1 1 0. The radiation 45 
at the fundamental and second harmonic frequencies 
pass through polarization rotation device 110. bounce 
off second mirror 104 and pass a second time through 
polarization rotation device 110. Polarization rotation 
device 1 10 is a one half waveplate at the second har- so 
monic frequency and a one quarter waveplate at the 
fundamental frequency. After two passes through polar- 
ization rotation device 1 10 the polarization of the radia- 
tion at the second harmonic frequency leaving 
polarization rotation device 110 is the same as the ss 
polarization of the second harmonic frequency radiation 
that entered polarization rotation device 110, while the 
polarization of tiie radiation at the fundamental fre- 



quency leaving polarization^Rlition device 110 is 
rotated from ttiat of the radiation at the fundamental fre- 
quency entering polarization rotation device 110. The 
angle of rotation can be varied by rotating the wave- 
plate. This allows the output coupling of the laser to be 
continuously varied during operation of the laser. This in 
turn allows optimization of the pulsewidtii or output 
power of laser output 1 1 4. 

[0018] Radiation at tiie fundamental and second har- 
monic frequencies reenter nonlinear optical medium 
108. In order to obtain optimal reconversion, tiie funda- 
mental and second harmonic frequencies must have 
the appropriate relative phase relationship. This is 
achieved by adjusting the optical path length the radia- 
tion at botii frequencies propagates between conver- 
sion in nonlinear optical medium 108. bouncing off of 
mirror 104, reentering non linear optical medium 108 
and reconversion in nonlinear optical medium 108. This 
optical path length can be adjusted in many ways, 
including but not limited to: using a tenperature 
dependent index of refraction of a birefringent crystal, 
which may be the nonlinear crystal; rotating a birefrin- 
gent crystal, which may be a non linear crystal, to adjust 
tiie index of refraction; adjusting the position of second 
mirror 1 04 to vary the propagation distance in air; tuning 
a glass plate through a small angle as described in U.S. 
Patent No. 4.914658 by Krassimir Stankov, and Fritz 
Schaafer. or reflecting the radiation off of an optical 
coating. 

[0019] The fundamental frequency radiation exiting 
ttie nonlinear optical medium 108 which resulted from 
the reconversion of the radiation at the second har- 
monic frequency is in the first polarization mode and 
therefore passes through polarization selection device 
112 and into active laser medium 106 where it stimu- 
lates emission of fundamental frequency radiation into 
the first polarization mode. The fundamental frequency 
racfiation which enters the nonlinear optical medium 
from polarization rotation device 1 10 has a polarization 
tiiat is modified and thus, some of it is in the first polari- 
zation mode and some is polarized orthogonally. The 
fundamental frequency radiation which Is polcU'ized in 
the orthogonal polarization mode is not converted into 
second harmonic frequency radiation in the nonlinear 
optical medium and is not passed by polarization selec- 
tion device 1 12. This radiation is output from the laser in 
laser output 114. 

[0020] In this embodiment of the invention, the shorter 
tiie pulse of fundamental frequency radiation amplified 
by active laser medium 106. the higher the peak inten- 
sity of the radiation at the fundamental frequency. Con- 
sequentiy. the higher the peak intensity of tiie radiation 
at the fundamental frequency, the higher the amount of 
the fundamental frequency radiation that is converted 
into the second harmonic frequency in the nonlinear 
optical medium. The second harmonic frequency radia- 
tion is reconverted back into fundamental frequency 
radiation in the nonlinear ptical medium and sent back 
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to the active laser medium. Thus, the^lfner the peak 
intensity of the fundamental frequency radiation in 
mode-locked laser 100 between first mirror 102 and 
nonlinear optical medium, the lower the optical loss in 
the cavity. 5 
[0021] For a laser with a pulse repetition rate of 120 
MHz with 26 watts of diode pump power an output 
power of 5 watts and a pulsewidth of 5 picoseconds has 
been measured. When the pump power was in creased 
to 52 watts, an output power of 10 watts and a 10 
pulsewidth of 4 picoseconds was observed. 
[0022] Figure 2 depicts another embodiment of a 
mode-locked laser 200 in accord with the invention In 
this emtxKliment, first mirror 202 is a high reflector at 
the fundamental laser frequency f 1 . Second mirror 204 is 
has a reflectivity at the secorKi harmonic laser fre- 
quency f2 which is not greater than its reflectivity at the 
fundamental frequency f 1 , where f 1 is one half of f2. 
Rrst ad second mirrors 202 and 204 define an optical 
resonator. The mirror curvature and spacing are chosen 20 
based on well known laser cavity design criterion. See 
for example, Lasers by A.E. Siegman as referenced 
above. 

[0023] Active laser medium 206 is positioned between 
first mirror 202 and second mirror 204. In this embodi- 25 
ment. active laser medium Is diode pumped Nd:Vanad- 
ate, which emits fundamental wavelength of 1064 nm. 
Active laser medium 206 can be any laser gain medium 
including but ml limited to Nd:YAG. Nd:YLF, NdiGlass. 
Ti:sapphire. Cr:YAQ, Cr:Ft)rsterite, Yb:YAG, and so 
Yb:glass. The choice of gain medium is typically based 
on criteria including but not limited to laser wavelength, 
and desired output pulsewidth which is related to the 
gain bandwidth. 

[0024] Nonlinear optical medium 208 is positioned 35 
between active laser medium 206 and second mirror 
204. In this embodiment nonlinear optical medium 208 
is made of noncritically phase matched lithium triborate 
(LBO). In other embodiments, nonlinear optical medium 
108 is other than non-critically phase matched. Radia- 40 
tion at the fundamental frequency, f 1 input into the lith- 
ium triborate crystal is converted into second harmonic 
radiation f2. The conversion of the radiation from the 
fundamental frequency into the second harmonic fre- 
quency increases with increasing intensity of the f unda- 45 
mental frequency. In other embodiments of the 
Invention, different nonlinear optical mediums can be 
used, including but not limited to Potassium Dihydrogen 
Phosphate (KDP). Potassium Trtanyl Phosphate (KTP). 
Beta-Barium Borate (BBO). Periodically Poled Lithium so 
Niobate (PPLN), and Potassium Niobate (KNbOa). The 
nonlinear crystal selected tor us in the invention will 
depend on criteria including but not limited to the mate- 
rial used in the active laser medium, the power handling 
characteristics of the material, the conversion efficiency, ss 
and the group velocity mismatch and group velocity dis- 
persion which may be important in the generation of 
short pulses. 



[0025] Polarization selemFdevice 21 0 is positioned 
between nonlinear optical medium 208 and second mir- 
ror 204. Polarization selection device 210 is a thin film 
polarizer in this embodiment, but it can be any device 
which will selectively pass radiation at a first polarization 
with respect to radiation at a second polarization. Suita- 
ble polarization selection devices include but are not 
limited to a polarizer cube, and an angled piece of glass. 
[0026] In mode-locked laser 200 depicted in figure 2. 
when active laser medium 206 is pumped above thresh- 
old mode-locked laser 200 will begin to oscillate. Funda- 
mental frequency radiation f1 is emitted from active 
laser medium 206 and enters nonlinear optical medium 
208. In nonlinear optical medium 208 some of the fun- 
damental frequency radiation is converted Into second 
harmonic frequency radiation f2. The ratio of the inten- 
sity of radiation at the second harmonic frequency rela- 
tive to the intensity of radiation a tiie fundamental 
frequency increases with increasing intensity of the fun- 
damental frequency radiation. Radiation at the second 
harmonic frequency is in a second polarization mode, 
which may or may not he orthogonal to the first polariza- 
tion mode, while the radiation at the fundamental fre- 
quency remains in tiie first polarization mode. 
Polarization selection device 210 is configured to prefer- 
entially transmit radiation at tiie second polarization. 
Thus, radiation at the second harmonic frequency 
passes through polarization selection device 210. 
reflects off second mirror 204 and passes again tiirough 
polarization selection device 210 and back into nonlin- 
ear optical medium 208 and is reconverted into radia- 
tion at the fundamental frequency The fundamental 
frequency radiation is partially reflected from polariza- 
tion selection device 210 and exists tiie resonator as 
output beams 212 and 214. 

[0027] In order to obtain optimal reconversion, the fun- 
damental and second harmonic frequencies must have 
the appropriate relative phase relationship. This is 
achieved by adjusting the optical path length the radia- 
tion at botti frequencies propagates between conver- 
sion in nonlinear optical medium 208. bouncing off of 
mirror 204. reentering nonlinear optical medium 208 
and reconversion in nonlinear optical medium 208. This 
optical path length can be adjusted in many way as dis- 
cussed above. 

[0028] The fundamental frequency radiation exits tiie 
nonlinear optical medium and reenters Into active laser 
medium 206 where it stimulates emission of fundamen- 
tal frequency radiation in tiie first polarization mode. In 
this embodiment of the invention, the shorter the pulse 
of fundamental frequency radiation amplified by active 
laser medium 206, the higher the peak intensity of the 
radiation at the fundamental frequency Consequentiy, 
the higher the peak intensity of tiie radiation at the fun- 
damental frequency tiie higher the amount of tiie radia- 
tion at tiie fundamental frequency that is converted into 
the second harmonic frequency in tiie nonlinear optical 
medium. The second harmonic frequency radiation is 
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passed at lower loss than the radiation at OTrandamen- 
tal frequency from nonlinear optical medium 208 to sec- 
ond mirror 204 and back to nonlinear optical medium 
208. At nonlinear optical medium 208 the radiation at 
the second harmonic frequency is reconverted back into 5 
fundamental frequency radiation and sent back to the 
active laser medium. Thus, the higher the peak intensity 
of the fundamental frequency radiation in mode-locked 
laser 200 between first mirror 202 and nonlinear optical 
medium, the lower the optical loss in the cavity. 70 
[0029] Figure 3 depicts another embodiment of a 
mode-locked laser 300 in accord with the invention, in 
this embodiment, first minror 302 is a high reflector at 
the fundamental laser frequency f 1 , second mirror 304 
has a higher reflectivity at the fundamental laser fre- is 
quency than it is at the second harmonic frequency f2 
where f1 is one half of f2. First and second mirrors 302 
and 304 define an opticai resonator. 
[0030] Active laser medium 306 is positioned between 
first mirror 302 and second mirror 304. In this embodi- 20 
ment, active laser medium is Nd:Vanadate, which emits 
fundamental wavelength of 1064 nm. Active laser 
medium 206 can be any laser gain medium including 
but not limited to Nd:YAG. Nd:YLF. Nd: Glass. Tiisap- 
phire, Cr:YAG. Cr:Forsterite. Yb:YAG, and Yb:g!ass. 25 
The choice of gain medium is typically based on criteria 
including but not limited to laser wavelength and desired 
output pulsewidth which is related to the gain band- 
width. 

[0031] Nonlinear optical medium 308 is positioned 30 
between active laser medium 306 and second mirror 
304. In this embodiment nonlinear optical medium 208 
is made of noncritically phase matched lithium triborate 
(LBO). In other embodiments, nonlinear optical medium 
108 is other than non-criticaliy phase matched. Radia- 35 
tion at the fundamental frequency, f 1 input Into the lith- 
ium triborate crystal is converted into second harmonic 
radiation f2. The conversion of the radiation from the 
fundamental frequency into the second harmonic fre- 
quency increases with increasing intensity of the funda- 40 
mental frequency In other embodiments of the 
invention, different nonlinear optical mediums can be 
used. Including but not limited to Potassium Dihydrogen 
Phosphate (KDP). Potassium Trtanyl Phosphate (KTP), 
Beta-Barium Borate (BBO). Periodically Poled Lithium 45 
Niobate (PPLN), and Potassium Niobate (KNbOa). The 
nonlinear crystal selected for use in the invention will 
depend on criteria including but not limited to the mate- 
rial used in the active laser medium, the power handling 
characteristics of the material, the conversion eff idency, so 
and the group velocity mismatch and group velocity dis- 
persion which may be important in the generation of 
short pules. 

[0032] Wavelength selection device 310 is positioned 
between nonlinear optical medium 308 and second mir- ss 
ror 304. Wavelength selection device 310 is a dichroic 
beam splitter 312 and mirror 314 in this embodiment. In 
one embodiment of the invention, dichroic beam splitter 
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312 has a higher reflectivit^VFihe fundamental fre- 
quency and higher transmission at the second har- 
monic frequency. Min'or 314 is partially reflective at the 
fundamental frequency with no restrictions on it reflect- 
ance at the second harmonic frequency. Transmitted 
beam 316 is the output beam. In another embodiments 
of the invention, wavelength selection device 310 can 
be any device which will preferentially reflect radiation at 
the fundamental frequency more than radiation at the 
second harmonic frequency and transmit radiation at 
the second harmonic frequency. In one embodiment, 
wavelength selection device 310 is a polarizing beam 
splitter cube. 

[0033] In mode-locked laser 300 depicted in figure 3, 
when active laser medium 306 is pumped above thresh- 
old, nrKxie-locked laser 300 will begin to oscillate. Fun- 
damental frequency radiation f1 is emitted from active 
laser medium 306 and enters nonlinear optical medium 
308. In nonlinear optical medium 308 some of the fun- 
damental frequency radiation is converted into second 
harmonic frequency radiation f2. The ratio of the inten- 
sity of radiation at the secorxl harmonic frequency rela- 
tive to the intensity of radiation at the fundamental 
frequency increases with increasing intensity of the fun- 
damental frequency radiation. 
[0034] Wavelength selection device 31 0 is configured 
to preferentially transmit radiation at the second har- 
monic frequency to second mirror 304 and reflect radia- 
tion at the fundamental frequency to n^Yror 314. Thus, 
radiation at the second harmonic frequency passes 
through wavelength selection device 310, reflects off 
second minror 304 and passes again through wave- 
length selection device 310 and back into nonlinear opti- 
cal medium 308 and is reconverted into radiation at the 
fundamental frequency. Fundamental frequency radia- 
tion reflects off of dichroic beam splitter 312 and is par- 
tially reflected and partially transmitted by mirror 314. 
The reflectance ad transmittance of minror 314 can be 
chosen using the output power, output pulsewidth trade- 
offs discussed above. 

[0035] In order to obtain optimal reconversion, the fun- 
damental and second harmonic frequencies must have 
the appropriate relative phase relationship. This is 
achieved by adjusting the optical path length the radia- 
tion at both frequencies propagates between conver- 
sion in nonlinear optical medium 308 and reconversion 
in nonlinear optical medium 308. This optical path 
length can be ^justed in many ways as discussed 
above. 

[0036] The fundamental frequency radiation exiting 
ttie nonlinear optical medium reenters active laser 
medium 306 where it stimulates emission of fundamen- 
tal frequency radiation in the first polarization mode. 
[0037] In this emkxxJiment of the invention, tiie shorter 
tiie pulse of fundamental frequency radiation anplified 
by active laser medium 306, the higher tiie peak inten- 
sity of the radiation at the fundamental frequency. Con- 
sequentiy. the higher the peak intensity of th radiation 
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at the fundamental frequency, the higfiiPne amount of 
the fundamental frequency radiation that is converted 
into the second harmonic frequency in the nonlinear 
optical medium. The second harmonic frequency radia- 
tion is reconverted back into fundamental frequency 5 
radiation in the nonlinear optical medium and sent back 
to the active laser medium. Thus, the higher the peak 
intensity of the fundamental frequency radiation in 
mode-locked laser 300 between first mirror 302 and 
nonlinear optical medium, the lower the optical loss in 10 
the cavity. 

[0038] The following description is presented to ena- 
ble a person skilled in the art to make and use the inven- 
tion, and is provided in the context of a particular 
application and its requirements. Various modifications is 
to the disclosed embodiments will be readily apparent to 
those skilled in the art. and the general principles 
defined herein may be applied to other embodiments 
and applications without departing from the spirit and 
scope of the invention. Thus, the present invention is not 20 
intended to be limited to the embodiments disclosed, 
but is to be accorded the widest scope consistent with 
the principles and features disclosed herein 

Claims 25 

1 . A mode-locked laser, comprising: 

a first mirror and a second mirror, spaced from 
each other, each of the minors having prede- 30 
termined reflection characteristics, the first and 
second min^ors defining an optical resonator; 
an active laser medium, adapted to emit laser 
radiation at a fundamental laser frequency 
upon stimulation of the laser medium, post- 35 
tioned between said first and second mirrors; 
a non-linear optical medium, positioned 
between the active laser medium and the sec- 
ond mirror, for reversibly converting the funda- 
mental frequency radiation into radiation of a 40 
second harmonic frequency, with the ratio of 
the intensity of radiation at the second har- 
monic frequency relative to the intensity of radi- 
ation at the fundamental frequency increasing 
with increasing intensity of the fundamental fre- 45 
quency radiation; 

a polarization rotation device positioned 
between tiie non-linear optical medium and tiie 
second min-or, and 

a polarization selection device positioned so 
between tiie first min^or and the second min'or. 

2. The laser of daim 1 , wherein: 

tiie polarization rotation device comprises a ss 
one quarter wavepiate at the fundamental fre- 
quency and one half wavepiate at tiie second 
harmonic frequency. 
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3. The laser of claim 1 . 



* 

vBVein: 



the polarization rotation dey^ice comprises a 
one quarter wavepiate at the fundamental fre- 
quency and a whole wave wavepiate at tiie 
second harmonic frequency. 

4. The laser of claim 1 , wherein: 

the polarization selection device conprises a 
thin film polarizer. 

5. The laser of claim 1 , wherein: 

the polarization selection device comprises a 
polarizing beam splitter. 

6. The laser of claim 1 , wherein: 

the active laser medium includes Nd:Vanadate. 

7. The laser of claim 1 , wherein: 

the non-linear optical medium includes Lithium 
Triborate. 

8. The laser of claim 1 , wherein: 

the laser cavity includes at least tiiree minrors. 

9. The laser of claim 1 , wherein: 

the reflectivity of the second min^or at the sec- 
ond harmonic frequency is not greater tfian its 
reflectivity at the fundamental frequency. 

10. A mode-locked laser, comprising: 

a first mirror and a second mirror, spaced from 
each otiier. each of the mirrors having prede- 
termined reflection characteristics, the first and 
second mirrors defining an optical resonator; 
an active laser medium, adapted to emit laser 
radiation at a fundamental frequency upon 
stimulation of tiie laser medium, positioned 
between said first and second mirrors; 
a non-linear optical medium, positioned 
between tiie active laser medium and the sec- 
ond mirror, for reversibly converting the funda- 
mental frequency radiation into radiation of a 
second harmonic frequency, with the ratio of 
the intensity of radiation at tiie second har- 
monic frequency relative to the intensity of radi- 
ation at tiie fundamental frequency increasing 
with increasing intensity of tiie fundamental fre- 
quency radiation; and 

a polarization selection device positioned 
between the non-linear optical medium and tiie 
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second mirror the birefringent crySm^ a nonlinear optical 

medium. 

11. The laser of daim 10, wherein: 

21. The method of claim 18, wherein: 

the polarization selection device comprises a s 

thin film polarizer. introducing the phase shift includes propagat- 

ing the fundamental frequency radiation 

12. Thelaserof daim 10, wherein: through a birefringent crystal at a predeter- 

mined orientation. 

the polarization selection device comprises a io 

polarizing beam splitter. 22. The method of daim 21 , wherein: 

13. Thelaserof daim 10. wherein: the birefringent crystal is a nonlinear optical 

medium. 

the active laser medium includes Nd:Vanadate. is 

23. The method of claim 18, wherein: 

14. The laser of daim 10, wherein: 

introducing the phase shift includes propagat- 
the non-linear optical medium Includes Lithium ing the fundamental frequency radiation a pre- 

Triborate. 20 determined distance in air. 

15. The laser of daim 10, wherein: 24. The method of claim 18, wherein: 

the laser cavity includes at least three mirrors. introducing the phase shift includes propagat- 

es ing the fundamental frequency radiation 

16. The laser of daim 10, wherein: through a glass plate. 

the reflectivity of the second mirror at the sec* 25. The method of daim 18, wherein: 
ond harmonic frequency is not greater than its 

reflectivity at the fundamental frequency. 30 introducing the phase shift indudes reflecting 

the fundamental frequency radiation using an 

17. A method of mode-locking a laser, comprising: optical coating. 

converting radiation in the laser at a fundamen- 26. The method of claim 1 7, wherein: 
tal frequency into radiation at a second har- 35 

monic frequency; discriminating includes passing the fundamen- 

discriminating the radiation at the fundamental tal frequency radiation through a thin film polar- 

frequency using a polarization of the radiation izer. 
at the fundamental frequency; and 

reconverting the radiation at the second har- 40 27. The method of claim 17, wherein: 
monic frequency into radiation at the funda- 
mental frequency. discriminating includes passing the fundamen- 
tal frequency radiation through a polarizing 

18. The method of daim 1 7, including: beam splitter. 

45 

introdudng an additional a phase shift in the 28. The method of claim 17, wherein: 
radiation at the fundamental frequency relative 

to the radiation at the second harnwnic fre- the laser Indudes Nd:Vanadate. 

quency 

19. The method of claim 18, wherein: 



50 29- The laser of claim 1 7. wherein: 

converting includes using Lithium Triborate. 



introdudng additional phase shift includes 

using a temperature dependent phase shift in a 30. The method of claim 1 7, wherein: 
birefringent crystal. ss 

discriminating includes rotating the polarization 
20. The method of claim 19, wherein: of the fundamental frequency radiation. 
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31. The method of claim 30, whereinr 



rotating includes using a waveplate. 



32. The method of claim 31 , wherein: 



5 



the waveplate conprises a one quarter wave- 
plate at the fundamental frequency and one 
half waveplate at the second harmonic fre- 
quency. 
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33. The method of claim 31 . wherein: 

the waveplate comprises a one quarter wave- 
plate at the fundamental frequency and a is 
whole wave waveplate at the second harmonic 
frequency 

34. A mode locked laser comprising: 



means for generating a harmonic frequency 
from a first radiation signal, 
means for discriminating the first radiation sig- 
nal; and 

means for re-converting the harmonic fre- 2S 
quency to the frequency of the first signal. 

35. A metiiod of mode locking in a laser, oonprising: 

generating a harmonic frequency from a first so 
radiation signal; 

discriminating the first radiation signal; and 
re-converting the harmonic frequency to the 
frequency of tiie first signal. 
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